The Australian telecommunication s sector is being improved and extended through substantial recent investment in intelligent technology such as digital switching, ®bre optics, satellite and cellular transmission, and the Internet. These technologies are being progressively integrated with technology from the broadcasting, computer and electronics industries, providing a uni®ed information infrastructure for information transmission and processing. Technological progress embodied in new equipment has the e ect of increasing the e ciency of the factors of production. Such e ciency increases can be biased towards a particular factor. For instance, the impact of labour-augmentin g technical change is a decline in the cost of labour per unit of production. When such biases are apparent the relativity between the costs of labour and capital per unit of production is changed. In the longer term, technical change can impact on the rate of employment growth and also on the rate of capital accumulation. In this study the Australian telecommunications cost structure is examined for the period 1919 to 1988. To measure labour saving and capital saving technical change a translog cost model is estimated. Multiproduct telecommunications cost studies typically employ the translog cost model (Evans and
Since the 1970s, communication technology has made great advances, with the bandwidth of new transmission technology virtually unlimited, providing the capability to carry large volumes of voice data and video signals. New electronic switching systems are reliable and small in size when compared with earlier electromechanical systems (Noll, 1992) . In Australia the telecommunications sector has recently been improved and extended through substantial investment (both private and public) in intelligent tech-nology such as digital switching, ®bre optics, satellite and cellular transmission, and the Internet. This technology is being progressively integrated with technology from the broadcasting, computer and electronics industries, providing a uni®ed infrastructure for information transmission and processing. Such technological improvement increases the e ciency of factors of production, resulting in reduced costs. Cost reductions can be biased towards a particular factor of production. For instance, labour±augmenting technical change leads to a decline in the cost of labour per unit of production. When such biases are apparent the relativity between the costs of labour and capital per unit of production is changed. In the longer term, technical change can impact on the rates of employment growth and capital accumulation.
The`disembodied' view of technological change sees investment goods of di erent generations (or vintages) differing by some ®xed factor associated with wear, tear and retirement. Accordingly, when the loss of productive eciency occurs at a constant rate¯, the amount of capital at any time t is the weighted sum of surviving vintages, viz., K…t †ˆI …t † ‡ …1 ¡¯ †I …t ¡ 1 † ‡ ¢ ¢ ¢ ‡ …1 ¡¯ † t I …0 † …1 † Vintage investment I …t † is measured in number of machines, and the¯weights convert earlier vintages of investment into new-machine equivalents. 1 Thus the resultant stock K…t † is interpreted as the number of new machine equivalents implied by the stream of past investment (Hulten, 1992) . This approach does not allow for the direct identi®cation of any factor bias in cost diminution. In contrast, the`embodied' view of technical change assumes successive vintages of investment embody di erences in technical design. That is, new machinery is more e cient in producing output, ceteris paribus, even when earlier vintage machinery has not lost any of its physical capacity. In this case Equation 1 understates the true productive potential of capital, and the appropriate measurement of capital in terms of e ciency units H…t † is,
where ©…t † is interpreted as the best-practice level of technology in year t. A change in ©…t † is the quality di erential between successive vintages, and is unrelated to physical depreciation (Fisher, 1965) . The embodied approach allows the growth in e ciency of conventional inputs to be nonneutral. Further, the marginal cost of inputs need not decrease at a constant rate through time.
The question addressed by this study is the extent that telecommunications investment has produced changes in the cost structure of Australian telecommunications. Speci®cally, the intention is to disentangle and measure (separately) cost diminution due to both disembodied and embodied (labour and capital augmenting) technical change. The estimates contained herein are derived from an econometric model of the Australian telecommunications system cost structure. Estimation is on a unique data set constructed from Postmaster-General' s (PMG) Department and Telecom Australia annual reports from 1919 to 1988.
The paper is organized as follows. A multi-product translog cost function is speci®ed in Section II, and measures of factor-augmenting cost diminution are developed.
Section III presents procedures to measure capital stock and its quality. An index of average labour quality, due to Gort et al. (1993) , is also presented. Finally, data used for the construction of these indices and cost function estimation are described. Section IV describes model estimation procedures and reports the results of this estimation. The properness of the estimated cost function is assessed in Section V. Estimates of technical change are reported in Section VI. Concluding remarks and policy implications are provided in Section VII.
I I . I S O L A T I N G T H E S O U R C E S O F TE C H N I C A L C H A N G E
Telecommunications technology can be studied empirically using either production or cost functions. The cost function of a telecommunications ®rm identi®es its minimum cost of providing services, given prices and the state of technology. 2 Here Australian telecommunications technology is described by the long run cost function:
where ln is the natural logarithm operator, C is the long run total cost of producing telephone services, P L is the quality unadjusted wage rate, P K is the user cost of capital stock, Q 1 is the number of local calls, Q 2 is the number of toll calls, ! is the labour quality index, k is the capital quality index and « the ®rm's stock of knowledge (organizational capital).
To isolate the underlying sources of change in long-run cost, and extract estimates of embodied and disembodied technical change, requires that the cost function is totally di erentiated:
where _ C C is the overall rate of cost diminution, g L is the derivative cost function with respect to labour (the cost elasticity of labour), _ P P L the rate of growth of quality unadjusted wage, g K is the derivative the cost function with respect to capital, _ P P K is the rate of growth of the user cost of capital stock, g Q1 is the derivative the cost function with respect to local output, _ Q Q 1 is the rate of growth of local output, g Q2 is the derivative cost function with respect to toll output, _ Q Q 2 is the rate of growth of toll output, g ! _ ! ! measures the annual percentage shift in the cost function due to improved labour quality, g k _ k k measures the annual percentage shift in the cost function due to improved capital quality, and g « _ « « measures the rate of time-dependent disembodied technical change.
To obtain estimates for the above measures requires the speci®cation of an empirically estimable cost function. The following translog model is speci®ed for this purpose:
By Shepard's lemma the corresponding cost share equations are:
Symmetry restrictions imply that 12ˆ21 and KLˆLK .
Homogeneity
The measures of labour and capital embodied, and disembodied technical change, respectively, obtained from the cost function (Equation 5) are:
To estimate the translog cost function for the Australian telecommunications sector requires the calculation of capital stock series from investment data. The perpetual inventory method is used for this purpose. Aggregate capital stock is calculated by applying the rule:
where K it is the net capital stock of the ith equipment at time t, I is is gross investment in the ith equipment in year s, i is the rate of depreciation, T is the service life of the ith equipment and s is the age of the capital stock i. While the perpetual inventory method provides a measure of the quantity of capital it does not accurately re¯ect its quality. Many capital inputs used by telecommunications carriers change through time. The productivity of a unit of new capital brought on line is usually greater than that of a unit of capital already in operation. Where there is a productivity di erential a change in quality has occurred (Triplett, 1996) . The average vintage of capital for a particular year is the weighted average of vintages of gross investment:
where the weights are the ratio of annually depreciated gross investment to the capital stock. Accordingly, k it represents capital quality (average vintage) of equipment category i at time t. Thus, the age of the capital stock is a distribution of discrete incremental investments. To obtain the average vintage of aggregate capital stock the average vintage of capital stock categories are weighted by their capital expense shares and summed:
where c it is the capital expenditure share of the ith equipment and n is the number of types of equipment. Labour inputs can also vary in its quality in a manner which impacts on its productiveness. Here a quality index is calculated based on the average wage rate of occupational groups (senior management, management and workers). Di erences in wage rates are assumed to re¯ect di erences in labour quality. Types of labour input considered are the sum of working hours by occupational group and the weighted sum of working hours of occupational groups. Weights are the ratio of an occupational group's hourly earning to average wage in the private sector. The maintained hypothesis is that relative wage rates re¯ect di erences in marginal product. The labour quality index is,
where ! i … jˆ1, 2, 3) is the wage rate for the jth occupational group, L j is the number of working hours for the jth occupational group and ! L is the average wage rate in the economy. Table 1 presents summary statistics of the variables. The in¯ation series used to de¯ate all dollar amounts (cost, labour price and capital price) is the Reserve Bank of Australia in¯ation series (1901ˆ1000). Cost is the sum of annual total labour and capital expenditures reported in PMG Annual Pro®t and Loss statements. Local and toll calls are the numbers of calls made annually. The price of labour is calculated by dividing the real total labour cost by total sta numbers. Capital price is obtained by dividing the accumulated net capital stock by total mainlines. Capital and labour quality are calculated using the methods described above. The 4% rate applied to depreciate capital stocks is the average of the rates adopted by the PMG over the sample period. For the purpose of estimation all series are divided by their sample means. (Table 2) . A Durbin-Watson statistic indicates autocorrelation is present among the residuals. Accordingly, the SURE estimation procedure is modi®ed to follow the treatment developed by Park (1967 Finally, Table 3 compares the estimated input shares with the sample and sub-sample means. Whilst individual observations are sensitive to annual investment¯ows, the sub-samples indicate stable and distinct regimes.
V . P R O P E R N E S S
When cost function estimation is undertaken the regularity conditions for a proper cost function need to be considered. Linear homogeneity in input prices and symmetry are imposed a priori, whilst continuity follows from the functional form. The marginal cost with respect to outputs are non-negative when: Table 4 .
Another requirement for the cost function to be proper is that the costs of production are non-decreasing in input prices, viz, @ ln C=@ ln P nˆn ‡ nn ln P n ‡ 1n ln P 1 ‡ § i in ln Q i ‡ n! ln ! ‡ nk ln k ‡ n« ln « ¶ 0 …14 † for all 1 6 n where 1, nˆK, L and iˆ1, 2. Mean and ®nal observation values are reported in Table 5 . The ®nal condition required for properness is that the cost function be concave in input prices.
Following Diewert and Wales (1987) , the cost function is concave in input prices since the matrix:
is negative de®nite (where * indicates the estimated cost shares). All 70 observation satisfy Equations 14 and 15. Mean and ®nal observation values are reported in Table 6 . 1922 (60%), 1924 (110%) and 1931, 1965 and 1988 (60%) . Casual inspection suggests that labour quality was mostly cost reducing from 1925 through 1931, cost increasing until 1952 and broadly cost reducing thereafter. By contrast, the magnitude of capital quality changes (Fig.  2) , aside from the large initial spikes in 1923 and 1925, 1826 G. Madden et al. 1919±1932) contributed to cost diminution of approximatel y ¡0.17%. This trend is reversed for the sub-periods 1933±1946 and 1947±1960. During the former period the rate of investment was sharply reduced to 25% of that for the 1919±1932 period. Sustained improvements in capital augmenting technical did not recur until the post-1975 period. The period coincides with the separation of postal and telecommunications services and the aggressive replacement of analogue technology with computer and the introduction of digital systems. Labour embodied technical change is cost reducing for all but the 1975±1988 sub-period. This period is coincides with the Accord. The Accord was a scheme administered by the Federal government to limit wage rises, it had the e ect of compressing wage relativities. Disembodied technical change is cost diminishing only for the period 1975±1988. Telecommunications and postal services were provided by a mandated monopoly for the entire period 1919±1974. The latter period coincided with the separation of postal and telecommunications services, and a move towards corporatization.
V I . C O N C L U S I O N S
The Australian telecommunications sector has been continuously improved and extended through investment in technology. New technology can increase the e ciency of the factors of production. Such e ciency increases can be biased towards a particular factor. This study examines the Australian telecommunications cost structure for the period 1919 through 1988. A translog cost model is estimated. The estimated cost function is statistically well speci®ed. Estimation results concerning cost diminution in the Australian telecommunications industry and its embodied Labour and capital saving technical change 1827 and disembodied sources are complex. Labour quality improvements are the dominant source of increased eciency in the period 1919±1974 while capital quality and disembodied change impact in the 1975±1988 period. The inability of improvements in capital, presumed to be embodied in new equipment, to contribute to increased e ciency until well into the 1970s is in large part due to the age distribution of the capital stock. Substantial early network investment resulted in cost diminution, a slowing of this investment led to a cessation in cost improvements. It should be noted that these conclusions could change sig-ni®cantly if the rate of depreciation used to construct the capital stock series is substantially altered. In particular, the notion of wear and tear employed here is one of accounting depreciation and it may be that such a measure is a poor proxy for the economic obsolescence of telecommunications equipment. The next step in this research programme is to use the measures of labour and capital embodied technical change to infer the optimal age of retirement for capital. This calculation will allow the rates of obsolescence of telecommunications capital to be inferred. These data will form the basis of comparisons with actual accounting rates of depreciation employed in network planning.
